1. Introduction {#sec1-genes-11-00450}
===============

Hyperphagic obesity is characterized by a markedly increased appetite and aggressive food-seeking behavior, often associated with a lack of satiety, and the accumulation of excess body fat, frequently resulting in morbid obesity and obesity-associated comorbidities. The underlying basis for hyperphagic obesity is frequently genetic, involving biallelic-inactivating mutations in known genes, as is the case of leptin receptor deficiency \[[@B1-genes-11-00450]\], or the deletion or lack of expression of a chromosomal segment containing a number of genes, which is characteristic of Prader--Willi syndrome \[[@B2-genes-11-00450]\]. Alternatively, hyperphagic obesity may follow from damage to the hypothalamus, resulting in hypothalamic obesity \[[@B3-genes-11-00450]\]. Hyperphagic obesity is frequently associated with both elevated morbidity and mortality and reduced quality of life \[[@B2-genes-11-00450],[@B3-genes-11-00450]\]. There are very few approved treatments for any form of hyperphagic obesity and, therefore, there is a need to identify effective therapeutic targets to address the unmet medical need in these conditions. This review focuses on a single potential therapeutic target, the ATP-sensitive potassium (K~ATP~) channel, which may have utility in various forms of hyperphagic obesity.

2. Methods {#sec2-genes-11-00450}
==========

A PubMed search was conducted focused on the expression of genes encoding the K~ATP~ channel in tissues involved in the regulation of appetite and satiety, and in tissues involved in the establishment and persistence of the obese state, the role of activating the K~ATP~ channel in those tissues, studies involving pharmacological activators of the channel in obese hyperphagic animal models, and clinical studies of K~ATP~ channel activators in obese hyperphagic syndromes. Search terms used included K~ATP~, SUR1, SUR2b, Kir6.1, Kir6.2, ABCC8, ABCC9, KCNJ8, KCNJ11, agonist, hypothalamus, motor neuron of vagus, adipocyte, β-cell, hyperphagia, appetite, neuropeptide, obesity, obese, animal model, leptin, insulin, α-MSH, insulin-resistance, and hyperinsulinemia. Terms were combined to generate searches which identified tissues in which the genes encoding the K~ATP~ channel might be expressed that have a known role in appetite and obesity, hormones with known roles in appetite and the K~ATP~ channel, and obese or hyperphagic obese animal models in which a K~ATP~ channel agonist might have been evaluated. Prior to conducting the searches, the authors already possessed extensive knowledge of the K~ATP~ channel and its role in the regulation of appetite, having studied the channel for more than 15 years. The searches were conducted to supplement that understanding, rather than as the sole source of information summarized in this publication.

3. Results {#sec3-genes-11-00450}
==========

3.1. The Structure of and Genes Encoding the K~ATP~ Channel {#sec3dot1-genes-11-00450}
-----------------------------------------------------------

The K~ATP~ channel is an octomeric structure consisting of four copies of the sulfonylurea receptor (SURx) and four copies of an inwardly rectifying potassium channel (Kir6.x) \[[@B4-genes-11-00450]\]. The isotype of the channel is a function of the specific forms of each of the two components that are expressed in the tissue at any developmental stage. SUR1 is encoded by ABCC8; SUR2A and SUR2B are splice variants of the same gene product which is encoded by ABCC9 \[[@B4-genes-11-00450]\]. Kir6.2 is encoded by KCNJ11, while Kir6.1 is encoded by KCNJ8 \[[@B4-genes-11-00450]\]. ABCC8 and KCNJ11 both reside on chromosome 11p15.1, while ABCC9 and KCNJ8 both reside on chromosome 12p12.1 \[[@B4-genes-11-00450]\]. SUR1-containing forms of the channel are typically found in pancreatic β-cells, certain CNS cell types \[[@B5-genes-11-00450]\], adipocytes \[[@B6-genes-11-00450]\] and certain skeletal muscle cells but exist in other tissues as well. SUR2B-containing forms of the channel are typically found in cardiovascular smooth muscle \[[@B4-genes-11-00450]\] and certain skeletal muscle cells, whereas SUR2A-containing forms of the channel are found almost exclusively in cardiac tissues \[[@B4-genes-11-00450]\]. The channel resides in the cell membrane, and a unique isotype resides in the mitochondrial inner membrane \[[@B4-genes-11-00450]\].

3.2. The Role of the K~ATP~ Channel in the Central Regulation of Appetite by the Arcuate Nucleus {#sec3dot2-genes-11-00450}
------------------------------------------------------------------------------------------------

In mature animals or humans, the arcuate nucleus of the hypothalamus (ARC) integrates peripheral circulating hormonal signals, including leptin, insulin and ghrelin, which communicate environmental nutrient availability, into the homeostatic regulation of appetite and energy expenditure. The ARC, in the mature animal, includes two populations of neurons that respond to these hormonal signals and project into other appetite-regulatory regions. One population of neurons (NAG neurons) co-expresses neuropeptide Y (NPY), the most potent endogenous appetite-stimulatory neuropeptide, agouti-related protein (AgRP), an antagonist/inverse agonist of melanocortin 4 receptors (MC4R) \[[@B7-genes-11-00450]\], and γ-aminobutyric acid (GABA). NAG neurons are orexigenic and sufficient to regulate food intake \[[@B5-genes-11-00450]\]. A separate population of ARC neurons (POMC neurons) expresses the proopiomelanocortin (POMC) peptide and are anorexigenic. Within the ARC, POMC neurons are inhibited by NAG neurons \[[@B8-genes-11-00450]\], mediated primarily by GABA. Additionally, NPY has been shown to downregulate prohormone convertase 2 \[[@B9-genes-11-00450]\], which is a key enzyme involved in the conversion of POMC to α-melanocyte-stimulating hormone (α-MSH) which, through its interaction with MC4R, mediates the anorexigenic effects of POMC neurons. Thus, NAG neurons serve a modulatory function, through direct inhibition of POMC neurons, reduced conversion of POMC to α-MSH, and antagonism of MC4R, thereby counter-regulating the melanocortin pathway to reduce satiety and promote food intake. During early postnatal development, projections from these two populations of neurons extend to other key appetite-regulatory regions including the paraventricular nucleus (PVH), the dorsomedial nucleus (DMH), and lateral hypothalamic area (LHA), exerting opposing effects on appetite and energy expenditure \[[@B10-genes-11-00450]\].

NPY injected into the brain either in the ventricles or in different hypothalamic nuclei induces a robust feeding response, even in sated animals \[[@B11-genes-11-00450]\]. NPY achieves this effect by reducing the latency to eat, delaying satiety and thereby augmenting meal size and meal duration \[[@B11-genes-11-00450]\]. NPY also causes treated animals to be more motivated to obtain food \[[@B11-genes-11-00450]\]. Specifically activating neurons pharmacologically with AgRP induces a robust hyperphagic response in rodents with a distinct temporal dynamic from that of NPY \[[@B7-genes-11-00450]\], NPY results in immediate feeding while AgRP increases food intake, but the effect is delayed and occurs over a longer time scale. In adult animals, NAG neuron ablation results in rapid starvation \[[@B12-genes-11-00450]\].

Leptin inhibits the excitability of NAG neurons, reducing their firing rate and hyperpolarizing their resting membrane potential \[[@B13-genes-11-00450]\]. This inhibition is mediated through leptin's activation of ATP-sensitive potassium channels (K~ATP~) via phosphoinositide-3-kinase (PI3-K) \[[@B5-genes-11-00450],[@B14-genes-11-00450],[@B15-genes-11-00450]\]. Activation of K~ATP~ channels (i.e., keeping them open) serves to hyperpolarize the resting membrane potential. While it is unclear whether hyperpolarizing the resting membrane potential affects intra-cellular proNPY mRNA or NPY protein levels, it clearly results in limiting the release of NPY by these neurons ([Figure 1](#genes-11-00450-f001){ref-type="fig"}). Since NPY and AgRP are co-localized in the same secretory vesicles, factors that affect NPY secretion affect AgRP secretion to the same degree \[[@B16-genes-11-00450]\]. Depolarizing the NAG neuron resting membrane potential results in a doubling of the NPY release rate, which returned to normal values when the resting membrane potential returned to a neutral condition \[[@B17-genes-11-00450]\]. In adult animals, K~ATP~ channels in the NAG neurons appear to include only SUR1, but not SUR2 \[[@B5-genes-11-00450],[@B18-genes-11-00450]\]. At this stage, exposure to diazoxide free base (DFB), a potent K~ATP~ channel activator, resulted in significant hyperpolarization of the resting membrane potential in 100% of NAG neurons, and DFB more extensively hyperpolarized the resting energy potential of NAG neurons than leptin \[[@B5-genes-11-00450]\].

3.3. The Role of the K~ATP~ Channel in the Regulation of Neuronal Function in the Dorsal Motor Nucleus of the Vagus {#sec3dot3-genes-11-00450}
-------------------------------------------------------------------------------------------------------------------

The dorsal vagal complex (DVC) is an autonomic regulatory center located in the caudal medulla. Primary viscerosensory information is processed within the nucleus tractus solitarii (NTS) and subsequently relayed to the dorsal motor nucleus of vagus (DMV). Neurons within the DMV are parasympathetic motor neurons as they project to the periphery and regulate the tone of most of the subdiaphragmatic organs and, thus, regulate feeding, digestion, and energy and glucose homeostasis \[[@B19-genes-11-00450],[@B20-genes-11-00450]\]. The activity of DMV neurons is largely controlled by local circuits and by inputs from other brain regions including the hypothalamus \[[@B21-genes-11-00450],[@B22-genes-11-00450],[@B23-genes-11-00450]\]. Hormones, metabolic signals, gastrointestinal signals, or pharmacological agents have the potential to alter the activity of DMV neurons and thereby modulate the parasympathetic outflow to the organs.

Deletion of the melanocortin 4 receptor (MC4R) in the DMV results in hyperinsulinemia and modest insulin resistance in a weight-independent manner and without changes in glucose tolerance or blood glucose levels \[[@B24-genes-11-00450]\]. Sohn et al. \[[@B25-genes-11-00450]\] examined the role of melanocortin 4 receptors (MC4R) in the regulation of cholinergic neurons of the DMV which have been hypothesized to regulate insulin secretion. In these studies, MTII (a MC3R/MC4R agonist) hyperpolarized the membrane potential of cholinergic neurons within the DMV, but failed to hyperpolarize the membrane potential of cholinergic neurons in mice which were deficient for MC4R. The MTII-induced hyperpolarization of DMV cholinergic neurons was accompanied by a decrease in input resistance characteristic of the activation of a K^+^ channel which was reversed by tolbutamide, a K~ATP~ antagonist, leading to the conclusion that the K^+^ channel mediating MC4R-induced membrane hyperpolarization in these neurons is the K~ATP~ channel. The results of this study show that activation of MC4Rs decreases parasympathetic tone following the activation of K~ATP~ channels, which may result in decreased insulin secretion.

Insulin-induced hypoglycemia enhances vagal activity \[[@B26-genes-11-00450]\], while hyperglycemia depresses vagal tone \[[@B27-genes-11-00450]\]. Eliminating or blocking components of the insulin receptor pathway centrally, such as phosphatidylinositol 3 kinase (PI3K) or the K~ATP~ channel, disrupts vagal control of energy homeostasis \[[@B28-genes-11-00450],[@B29-genes-11-00450]\], and insulin applied centrally improves hepatic gluconeogenesis in a vagally mediated manner in models of diabetes \[[@B30-genes-11-00450],[@B31-genes-11-00450],[@B32-genes-11-00450]\]. Moreover, insulin applied to the dorsal vagal complex affects the function of peripheral targets \[[@B33-genes-11-00450],[@B34-genes-11-00450]\]. Thus, insulin may alter neural activity in the dorsal vagal complex to affect visceral function. Blake et al. \[[@B35-genes-11-00450]\] evaluated the effect of insulin on excitation of gastric-related neurons in the DMVand showed that insulin acts on insulin receptors located on glutamatergic afferent terminals synapsing on DMV neurons. They also showed that insulin did not affect inhibitory transmission in DMV neurons, and that there are direct effects of insulin on action potential (AP) frequency in DMV neurons, independent of fast synaptic transmission. They showed that the decrease in AP frequency was consistent with a PI3K-dependent activation of the K~ATP~ channel. Pocai et al. \[[@B36-genes-11-00450]\] showed that mice lacking the SUR1 subunit of the K~ATP~ channel are resistant to the inhibitory effect of insulin on gluconeogenesis, suggesting that SUR1 containing K~ATP~ channels are responsible for insulin-mediated actions within the dorsal motor nucleus of vagus.

Grill et al. \[[@B37-genes-11-00450]\] have reported leptin receptor gene expression in the dorsal vagal complex, including the DMV. In addition, fourth ventricle administration of leptin reduces food ingestion and weight gain, and these appetite effects are mimicked by microinjection of leptin into the DVC. Williams et al. \[[@B38-genes-11-00450]\] studied the effects of leptin on membrane potential in DMV neurons. They showed that leptin hyperpolarizes the majority of DMV neurons, which was consistent with the opening of a K^+^ channel. Using tolbutamide and a PI3K inhibitor, the authors showed that leptin failed to hyperpolarize DMV neurons pre-exposed to tolbutamide and the application of tolbutamide depolarized neurons that had been hyperpolarized by leptin, implicating the K~ATP~ channel in the hyperpolarization. Leptin receptors are expressed widely in autonomic centers implicated in regulating ingestive behaviors, including the vagal complex and several hypothalamic sites. DMV motor neuron activity has been linked with behaviors related to feeding and satiety \[[@B38-genes-11-00450]\]. Enhancement of feeding behavior is directly associated with increases in DMV motor activity, whereas satiety is directly correlated with decreases in DMV motor activity \[[@B39-genes-11-00450],[@B40-genes-11-00450]\]. Leptin suppression of DMV motor activity may result in satiety \[[@B38-genes-11-00450]\]. Additionally, leptin suppression of activity within the DVC may be closely related to the autonomic effects of leptin on blood pressure, glucose production, and/or insulin sensitivity \[[@B41-genes-11-00450],[@B42-genes-11-00450],[@B43-genes-11-00450]\].

Leptin, insulin and α-MSH interacting with their respective receptors, LepR, InsR, and MC4R, each achieve some or all of their respective effects in the DMV via a PI3K-mediated opening of the K~ATP~ channel, resulting in membrane hyperpolarization which leads to inhibition of neuronal signaling. The use of a K~ATP~ channel activator which is capable of penetrating the DVC has the potential to recapitulate the effects of leptin, insulin and α-MSH, with the likely result being reductions in hyperinsulinemia, reductions in hepatic gluconeogenesis, reductions in appetite and improved satiety ([Figure 1](#genes-11-00450-f001){ref-type="fig"}).

3.4. The Role of The K~ATP~ Channel in the Regulation of Adipocyte Metabolism and Fat Mass {#sec3dot4-genes-11-00450}
------------------------------------------------------------------------------------------

There is also evidence that activation of K~ATP~ channels in peripheral tissues, including adipose tissue, may be important for body weight regulation. Shi et al. \[[@B6-genes-11-00450]\] detected the expression of SUR1 in human adipocytes using RT-PCR. Shi \[[@B6-genes-11-00450]\] evaluated lipogenesis in human adipocytes treated with a K~ATP~ channel activator or an antagonist, using fatty acid synthase (FAS), which catalyzes the synthesis of palmitate from acetyl-CoA and malonyl-CoA, and glycerol-3-phosphate dehydrogenase (GPDH) activities as lipogenic markers. Glibenclamide, a K~ATP~ channel antagonist, caused a significant increase in FAS and GPDH activity, which were completely blocked by DFB. Forty eight-hour treatment with glibenclamide caused a significant inhibition in lipolysis, which was substantially recovered by DFB exposure. Thus, closing the K~ATP~ channel in human adipocytes increased the de novo synthesis of fatty acids and downregulated lipolysis, while activating the channel substantially reversed these effects.

Alemzadeh et al. \[[@B44-genes-11-00450]\] evaluated the effect of activating the K~ATP~ channel on fat oxidation rate in obese Zucker rats. The Zucker rat has defective leptin signaling due to a mutation in the leptin receptor which results in hyperphagic obesity, in which reduced lipid oxidation contributes to the obese state. Obese Zucker rats were treated either with vehicle or DFB. Treated animals had significantly higher fat oxidation without a significant change in glucose oxidation, as well as lower fat mass compared to vehicle-treated animals. Alemzadeh and Tushaus \[[@B45-genes-11-00450]\] evaluated the effect of activating the K~ATP~ channel on the expression of genes involved in hepatic fatty acid biosynthesis in Zucker diabetic fatty (ZDF) rats. ZDF rats carry the same defect in leptin signaling as Zucker fatty rats and also have a genetic predisposition to diabetes. ZDF rats were randomized to DFB or vehicle control. Treatment was associated with mRNA reductions of hepatic sterol regulatory element-binding protein-1c, FAS, acetyl CoA carboxylase, hormone-sensitive lipase, and peroxisome proliferator agonist receptor-γ, without altering acyl-CoA oxidase, peroxisome proliferator receptor-α, or carnitine palmitoyl transferase-1. ACC and FAS are the enzymes primarily responsible for the synthesis of medium- and long-chain fatty acids, where ACC catalyzes the first synthetic step and FAS catalyzes a series of 2-carbon additions.

The K~ATP~ channel appears to be a key regulator of both fatty acid biosynthesis and β-oxidation of fat. One of the peripheral effects of treatment of obese individuals with a K~ATP~ channel activator should be loss of body fat ([Figure 1](#genes-11-00450-f001){ref-type="fig"}). Similarly, K~ATP~ channel activators, by this mechanism, should prevent the accumulation of excess body fat in individuals who are prone or genetically predisposed to such accumulation.

3.5. The Role of the K~ATP~ Channel in Reducing Hyperinsulinemia {#sec3dot5-genes-11-00450}
----------------------------------------------------------------

The K~ATP~ channel has a crucial role in insulin secretion which was summarized in the following way by Komatsu et al. \[[@B46-genes-11-00450]\]. On elevation of plasma glucose concentration, glucose enters the pancreatic β-cells through the glucose transporter on the plasma membrane. Glucose is then phosphorylated by glucokinase and subjected to glycolysis, by which pyruvate is generated in the cytoplasm. Pyruvate is metabolized equally by pyruvate dehydrogenase and pyruvate carboxylase (PC) in the β-cells and passes into the mitochondria. The former reaction leads to generation of adenosine triphosphate (ATP) in the respiratory chain and the latter is accompanied by efflux of tricarboxylic acid (TCA) cycle intermediates as anaplerosis. ATP is a signaling molecule for insulin secretion in β-cells, because the cell is equipped with ATP-sensitive K^+^ channels (K~ATP~ channels), which close on elevation of cytoplasmic ATP or ATP/adenosine diphosphate ratio. As the K~ATP~ channel is the primary determinant of the membrane potential of the β-cells, closure of these channels causes membrane depolarization. The membrane depolarization opens L-type voltage-dependent Ca^2+^ channels (VDCC), followed by Ca^2+^ influx and elevation of cytosolic free Ca^2+^ concentration (\[Ca^2+^\]~i~). The elevation of \[Ca^2+^\]~i~ rapidly increases the rate of insulin exocytosis.

Insulin is a powerful anabolic hormone secreted from pancreatic β-cells that acts on multiple tissues to stimulate the synthesis and storage of carbohydrates, lipids, and proteins \[[@B47-genes-11-00450]\]. Adipose tissue remodeling can occur via lipid hypertrophy and/or hyperplasia, and there is evidence that insulin has direct effects on cellular lipid metabolism \[[@B48-genes-11-00450]\] and adipocyte differentiation \[[@B49-genes-11-00450]\]. Insulin acts to inhibit lipolysis in adipocytes in the postprandial state \[[@B50-genes-11-00450]\], while promoting lipid storage through stimulating the uptake, synthesis, and storage of triglycerides in adipocytes \[[@B51-genes-11-00450]\]. Insulin stimulates adipogenesis via multiple mechanisms \[[@B52-genes-11-00450]\].

Hyperinsulinemia is a very early pathobiological event in the cascade of homeostatic dysfunction leading to obesity, insulin resistance, and type 2 diabetes \[[@B53-genes-11-00450]\]. For example, preclinical evidence from male C57BL/6 mice shows that insulin levels are elevated several weeks prior to the onset of obesity \[[@B54-genes-11-00450]\]. Similarly, hyperinsulinemia precedes insulin resistance, obesity, and enhanced lipogenesis in Lep ob/ob mice \[[@B55-genes-11-00450],[@B56-genes-11-00450],[@B57-genes-11-00450]\]. Onset of hyperinsulinemia is a primary causal factor in animal models of obesity and in some human populations \[[@B47-genes-11-00450]\]. Induction of VMH lesions in animal models results in hyperinsulinemia, obesity and hyperphagia \[[@B58-genes-11-00450]\]. The use of streptozotocin in these models results in the partial destruction of pancreatic β-cells, which reverses the hyperphagia and weight gain observed in the model \[[@B59-genes-11-00450]\]. This suggests that both hyperphagia and weight gain follow from hyperinsulinemia in lesioned animals. On the other hand, if there is strict control of energy intake in lesioned animals, there is no hyperphagia, but hyperinsulinemia and weight gain occur nonetheless \[[@B60-genes-11-00450],[@B61-genes-11-00450]\].

K~ATP~ channel activators can partially suppress insulin secretion, are approved for the treatment of hyperinsulinemia, and would be useful to reduce the contribution of hyperinsulinemia to hyperphagia and obesity ([Figure 1](#genes-11-00450-f001){ref-type="fig"}).

3.6. Insulin Resistance and Hyperinsulinemia {#sec3dot6-genes-11-00450}
--------------------------------------------

While it is clear that increases in insulin resistance can result in hyperinsulinemia, it is equally true that persistent hyperinsulinemia contributes to the development of insulin resistance both by reductions in the numbers of receptors and by postreceptor effects. Kobayashi and Olefsky \[[@B62-genes-11-00450]\] studied the effect of experimental hyperinsulinemia on insulin resistance in rat adipocytes. Hyperinsulinemia was induced using a gradually increasing dose of insulin, which led to a significant reduction in insulin receptors and a rightward shift in the insulin-glucose transport dose--response curve. The decrease in insulin sensitivity is the predicted functional consequence of these observed changes. When the insulin injections were stopped, insulin receptors and insulin sensitivity rapidly returned to normal. Hyperinsulinemia also increased insulin resistance in humans over 2 day treatment with exogenous insulin \[[@B63-genes-11-00450]\], and in patients with insulinomas \[[@B64-genes-11-00450]\].

Obici et al. \[[@B31-genes-11-00450]\] investigated the effect of downregulation of hypothalamic insulin receptor, as is characteristic of insulin resistance, on hyperphagia and fat mass and showed that the selective decrease in hypothalamic insulin receptor protein was accompanied by a rapid onset of hyperphagia and increased fat mass. Thus, central insulin resistance likely also contributes to hyperphagia and obesity.

Improvements in insulin sensitivity can be achieved using a K~ATP~ channel activator. Ratzmann et al. \[[@B65-genes-11-00450]\] studied the impact of K~ATP~ channel activator treatment on insulin sensitivity in obese subjects. Insulin sensitivity was studied on two separate days before and after 4 days of treatment with DFB. The authors concluded that treatment resulted in a 50% increase in insulin sensitivity in comparison to the pretreatment value. Wigand and Blackard \[[@B66-genes-11-00450]\] showed that 7 days of treatment with a K~ATP~ channel activator resulted in increased expression of both high and low affinity insulin receptors in treated subjects. In animal models, K~ATP~ channel activator-mediated improvements in insulin sensitivity were conditioned by increased mRNA and protein levels for glucose transporter 4 and increased protein expression for insulin receptor substrate-1 \[[@B67-genes-11-00450]\], and hepatic tissue levels of activated PKB/Akt (p-Akt, phosphorylated Akt), expressed as a ratio of p-Akt to Akt protein (p-Akt/Akt), were increased by treatment. DFB treatment of Zucker diabetic fatty rats resulted in improved insulin resistance compared to controls \[[@B68-genes-11-00450]\].

Škrha et al. \[[@B69-genes-11-00450]\] studied the effect of K~ATP~ channel activator treatment on insulin resistance in insulinoma and control subjects. A euglycemic clamp procedure was applied to subjects before and after 3 days of DFB administration. At baseline, the insulinoma patients were more insulin resistant than the controls, as measured by glucose disposal rate and metabolic clearance rate of insulin. Three days of treatment with DFB resulted in reduced basal insulin levels, increased tissue sensitivity to insulin and improved metabolic clearance rate of insulin. After treatment, the insulin sensitivity of insulinoma subjects was not significantly different from healthy control subjects.

3.7. The Use of K~ATP~ Channel Activators in Animal Models of Hyperphagic Obesity {#sec3dot7-genes-11-00450}
---------------------------------------------------------------------------------

The following animal models have been shown to be hyperphagic: Zucker fatty rat \[[@B70-genes-11-00450]\], Zucker diabetic fatty rat \[[@B70-genes-11-00450]\], db/db mouse \[[@B70-genes-11-00450]\], Otsuka Long Evans Tokushima Fatty rat \[[@B70-genes-11-00450]\], ventromedial hypothalamus lesioned animal models \[[@B70-genes-11-00450]\], and streptozotocin-induced diabetic rat \[[@B71-genes-11-00450]\]. The Magel2 mouse can be rendered obese with some elevation of appetite by ad libitum access to a high-fat diet \[[@B72-genes-11-00450]\]. The high-fat diet-induced obese (DIO) mouse also appears to have elevated appetite, while the DIO rat is clearly hyperphagic \[[@B70-genes-11-00450]\]. The experience with K~ATP~ channel activators in these nine models is discussed below. In animal models, changes in hyperphagia are typically assessed in the context of ad libitum access to food and measured directly by assessing either changes in energy intake or indirectly by the evaluation of the impact of changes in hyperphagia on weight and fat mass.

### 3.7.1. Magel2 Knockout Mice---A Model of Prader--Willi Syndrome {#sec3dot7dot1-genes-11-00450}

Magel2, encoding a MAGE-like protein, resides within the Prader--Willi syndrome (PWS) critical region of chromosome 15 in humans and its loss or lack of expression may account for several of the observed characteristics of the disease. When administered a high-fat diet, Magel2 null mice display several features of PWS, including elevated appetite and obesity \[[@B73-genes-11-00450]\]. In a study by Bischof and Wevrick \[[@B72-genes-11-00450]\], wild-type and Magel-2 null mice were rendered obese after being fed a high-fat diet. Both sets of mice received DFB with continued ad libitum access to a high-fat diet. With treatment, both groups of mice showed significant weight loss, and fat mass loss. Fasting glucose measurements of both strains after 12 weeks of HFD were in the high normal range. Four weeks of treatment significantly lowered fasting glucose measurements of both strains. The Magel2 null mice were better able to sustain energy expenditure in treadmill tests following treatment compared to their pretreatment performance.

### 3.7.2. Zucker Fatty Rat---A Model of LepR Deficiency {#sec3dot7dot2-genes-11-00450}

The Zucker fatty rat has a mutation in the leptin receptor which renders NAG neurons and other tissues non-responsive to leptin regulation. NPY messenger RNA levels are elevated 2- to 3-fold in Zucker fatty rats compared to their lean littermates \[[@B74-genes-11-00450]\]. This results in hyperphagia and obesity.

There are multiple publications covering the use of K~ATP~ channel activators in Zucker fatty rats \[[@B44-genes-11-00450],[@B75-genes-11-00450],[@B76-genes-11-00450],[@B77-genes-11-00450],[@B78-genes-11-00450],[@B79-genes-11-00450]\]. The results of Alemzadeh and Holshouser \[[@B77-genes-11-00450]\] are provided by way of example. Eleven-week-old animals were randomized to receive DFB or vehicle control. Treatment was associated with a significant reduction in energy consumed per day per 100 gm body weight, reductions in plasma glucose and reductions in fasting insulin and leptin compared to vehicle-treated animals. Alemzadeh et al. \[[@B44-genes-11-00450]\] showed that relative to vehicle-treated controls, DFB treatment significantly reduced energy intake, weight gain, and circulating triglycerides and showed increased β-oxidation of fat and basal metabolic rate (BMR).

### 3.7.3. Zucker Diabetic Fatty Rat---A Model of LepR Deficiency {#sec3dot7dot3-genes-11-00450}

The Zucker diabetic fatty rat includes a further mutation, which, in the context of the LepR mutation in this strain, accelerates the development of diabetes.

Alemzadeh and Tushaus \[[@B45-genes-11-00450],[@B68-genes-11-00450]\] conducted two studies of the effect of activating the K~ATP~ channel in the Zucker diabetic fatty rat. In each study, six-week-old animals were subdivided into three groups, DFB treated, pair-fed and control animals, with the latter two receiving vehicle treatment. Treated animals gained significantly less weight than the pair-fed or control animals, even though the pair-fed animals consumed the same energy per day. Treated animals consumed significantly less energy per day compared to controls. Compared to either pair-fed or control animals, treated animals also had significantly lower glucose, higher insulin, lower triglycerides, lower HbA1c, and lower hepatic triglyceride and cholesterol content.

### 3.7.4. db/db Mouse---A Model of LepR Deficiency {#sec3dot7dot4-genes-11-00450}

Both NPY and AgRP levels are elevated in db/db diabetic mice \[[@B80-genes-11-00450]\], contributing to hyperphagia. Lee \[[@B81-genes-11-00450]\] evaluated the effect of K~ATP~ channel activator treatment on food intake in (db/db) diabetic mice. Diabetic (db/db) mice consume nearly twice the amount of food as do control heterozygous mice. Treatment with DFB resulted in dose dependent reductions in food intake. At the highest dose, food intake was reduced by 50% compared to control diabetic animals.

### 3.7.5. Otsuka Long Evans Tokushima Fatty Rat---A Model of CCK1 Receptor Deficiency {#sec3dot7dot5-genes-11-00450}

Hyperphagia in the Otsuka Long Evans Tokushima fatty (OLETF) rat is due to the absence of cholecystokinin (CCK)-1 receptors in both the gastrointestinal track and the brain. OLETF rats have a deficit in their ability to limit the size of meals and in contrast to CCK-1 receptor knockout mice, do not compensate for this increase in the size of their spontaneous meals, resulting in hyperphagia. Prior to becoming obese and in response to pair feeding, OLETF rats have increased expression of NPY in the compact region of the dorsomedial hypothalamus (DMH), and this overexpression contributes to their overall hyperphagia \[[@B82-genes-11-00450]\].

Guo et al. \[[@B83-genes-11-00450]\] evaluated the effects of treatment with a K~ATP~ channel activator in the OLETF rat. DFB or vehicle control was administered starting at 8 through 30 weeks of age. Long Evans Tokushima Otsuka (LETO) rats also served as controls. LETO rats are not genetically predisposed to obesity or diabetes. Weight gain over the 22 weeks in the treated OLETF animals was less than in the LETO controls and significantly less than in the OLETF vehicle-treated animals. Compared to controls, treated animals had significantly lower circulating triglyceride and less intra-abdominal fat, and markedly lower accumulation of fat in the liver and pancreas. Fasting glucose and insulin in treated animals were comparable to the non-diabetic LETO animals and significantly lower than controls.

### 3.7.6. Hypothalamic Injured Rat---A Model of Hyperinsulinemia Driven Hyperphagic Obesity {#sec3dot7dot6-genes-11-00450}

In animals, ventromedial hypothalamic (VMH) lesions cause hyperphagia and obesity \[[@B61-genes-11-00450]\]. In these animals, there is central dysregulation of insulin secretion resulting in hyperinsulinemia, obesity and hyperphagia. Both hyperphagia and weight gain follow from hyperinsulinemia in this model. If there is restriction of energy intake in lesioned animals, there is no hyperphagia, but hyperinsulinemia and weight gain occur nonetheless.

Larue-Achagiotis and Le Magnen \[[@B84-genes-11-00450]\] evaluated the effect of K~ATP~ channel activator treatment on feeding behaviour in normal and VMH lesioned Wistar rats. DFB was administered as an intra-venous dose. Rats are typically nocturnal feeders. Meal size during the night is approximately 2x the average daytime meal size. Rats also eat more meals per night than during the day. Lesioned animals increased their food intake by more than 50% at night and by approximately 300% during the day, and tend to consume similar meal sizes in both daytime and night-time. Treatment reduced food intake in a dose dependent manner. At lower doses, treatment induced a latent period without a change in meal size. At higher doses, treatment was associated with a longer latency period followed by reduced meal size.

### 3.7.7. Hypothalamic Injured Chicken---A Model of Hyperinsulinemia Driven Hyperphagic Obesity {#sec3dot7dot7-genes-11-00450}

The effect of activating the K~ATP~ channel on hyperphagia associated with hypothalamic injury in a white leghorn chicken model was evaluated by Sonoda \[[@B85-genes-11-00450]\]. Controls underwent a sham operation. Lesioned animals showed a 2-fold increase in food consumption. DFB was administered for 4 days. Treatment resulted in a statistically significant reduction in food consumption. Average daily food consumption increased once treatment was withdrawn.

### 3.7.8. Streptozotocin Induced Diabetic Rat {#sec3dot7dot8-genes-11-00450}

NPY expression is also elevated in rats made diabetic by streptozotocin treatment, contributing to hyperphagia and weight gain in these models \[[@B71-genes-11-00450]\]. Matsuda et al. \[[@B86-genes-11-00450]\] evaluated the effects of activating the K~ATP~ channel in a streptozotocin-induced diabetic Wistar rat model. Male Wistar rats were either treated with a 30 mg injection of streptozotocin (to induce diabetes) or vehicle injection. One week following streptozotocin treatment, animals were randomized to either DFB or vehicle. The authors did not evaluate food consumption, but they did examine rate of weight gain at 2, 4 and 6 weeks. At each time point, treated animals showed significantly lower rates of weight gain than vehicle control animals.

### 3.7.9. High-Fat Diet-Induced Obese Mouse {#sec3dot7dot9-genes-11-00450}

The effect of activating the K~ATP~ channel in high-fat diet-induced obese mice was evaluated by Bischof and Wevrick \[[@B72-genes-11-00450]\] and described above in relation to the Magel2 mouse model of PWS. Surwit \[[@B87-genes-11-00450]\] also evaluated the effect of activating the K~ATP~ channel on high-fat diet-induced obese mice. After 4 weeks on the high-fat diet (HFD), mice were randomized to control or DFB treatment groups and continued HFD. Compared to HFD controls, treated HFD animals showed a significantly lower rate of weight gain, lower leptin, lower circulating non-esterified fatty acids and triglycerides, lower epididymal and retroperitoneal fat pad weights, lower plasma insulin, and lower plasma glucose. Glucose and insulin levels in treated HFD animals were markedly lower than LFD controls.

### 3.7.10. Tabular Summary of Animal Model Results {#sec3dot7dot10-genes-11-00450}

A tabular summary of responses to activating the K~ATP~ channel in nine animal models of hyperphagic obesity is presented in [Table 1](#genes-11-00450-t001){ref-type="table"}.

3.8. Experience with the Diazoxide Choline Controlled-Release Tablet (DCCR) in Prader--Willi Syndrome {#sec3dot8-genes-11-00450}
-----------------------------------------------------------------------------------------------------

Prader--Willi syndrome (PWS) is a complex genetic neurobehavioral/metabolic disorder with an estimated birth incidence of 1:15,000 to 1:25,000 males and females \[[@B88-genes-11-00450]\]. Clinical features of PWS include hypotonia and poor feeding in infancy; low muscle mass is present throughout life; the accumulation of excess body fat typically begins at approximately age 2 and continues into adulthood \[[@B89-genes-11-00450]\]. Ultimately, the central neurological defect of the disease results in an obsession with food, aggressive food seeking, and reduced satiety. This results in hyperphagia, and a progression to morbid obesity if the energy intake is not carefully managed \[[@B89-genes-11-00450]\]. Intellectual disability, growth hormone deficiency, behavioral problems, including aggressive and threatening behaviors, and neuroendocrine abnormalities are also characteristic of PWS \[[@B88-genes-11-00450]\]. The death rate among PWS patients is markedly elevated \[[@B90-genes-11-00450]\]. According to a 2014 survey of parents and caregivers of PWS patients, reducing hunger and improving food-related behaviors were the most important unmet needs in PWS that could be addressed in the development of a new therapeutic \[[@B91-genes-11-00450]\]. There are no approved therapeutics for the treatment of hyperphagia in PWS. DCCR is a novel, patent-protected, extended-release, crystalline salt tablet formulation of diazoxide which is administered once daily.

The effect of DCCR in PWS was tested in clinical study PC025, a single-center pilot study which enrolled 13 overweight or obese male and female subjects between the ages of 10 and 22 years old, with genetically confirmed PWS \[[@B92-genes-11-00450]\]. Treatment with DCCR resulted in greater improvements in hyperphagia at higher doses and in subjects with more marked baseline hyperphagia. DCCR treatment also resulted in statistically significant, dose dependent reductions in fat mass, increases in lean body mass, with a corresponding reduction in waist circumference. Treatment also resulted in the reduction of aggressive and threatening behaviors. There were trends for the improvement of lipids and insulin resistance.

4. Discussion {#sec4-genes-11-00450}
=============

The K~ATP~ channel plays a central role in the regulation of a number of physiological processes, which, in the context of the underlying genetic or structural defects in many forms of syndromic hyperphagic obesity, cumulatively contribute to elevations in appetite and aggressive food seeking, lack of satiety, accumulation of excess body fat and the establishment and perpetuation of the obese state.

Hyperphagia, in most forms of hyperphagic obesity, is due to both enhanced orexigenic drive and diminished anorectic signaling. Activation of the K~ATP~ channel in NAG neurons should replicate the effects of leptin and insulin, hyperpolarizing the resting membrane potential of the cell and, thereby, reducing secretion of NPY and AgRP and also likely GABA. The net effect of this downregulation of secretion should be reductions in hyperphagia and more generally in appetite. These are anticipated to occur because reductions in NPY should directly and instantaneously reduce appetite. It should also result in reduced NPY-mediated suppression of the activity of prohormone convertase 2, leading to more extensive processing of POMC to αMSH and thereby enhancing anorectic signaling through the interaction of αMSH with MC4R. Reductions in AgRP, since it is an inverse agonist of MC4R, should also enhance anorectic signaling. Finally, reductions in GABA secretion by the NAG neurons should reduce the inhibitory action of GABA on POMC neurons and thereby enhance anorectic signaling. Even in the context of leptin or insulin resistance, it is possible to activate the K~ATP~ channel, resulting in the hyperpolarization of the resting membrane potential thereby reducing secretion of NPY and AgRP and, as a consequence, this approach can effectively reduce hyperphagia and appetite without a need to first restore either leptin sensitivity or insulin sensitivity. This effect on appetite would be further enhanced by improvements in satiety mediated through activation of the K~ATP~ channel in the DMV.

The accumulation of excess body fat is a fundamental characteristic of hyperphagic obesity and can be driven by excess energy intake which results in the preferential directing of excess energy to fat, or by hyperinsulinemia and/or insulin resistance. Directly activating the K~ATP~ channel in adipocytes should result in increases in β-oxidation of fat and reduced de novo synthesis of fatty acids and triglyceride accumulation. This direct effect alone should result in reduced fat deposition and/or reductions in fat mass. These effect would be complemented by the effects of K~ATP~ channel activators on hyperinsulinemia and insulin resistance. Insulin resistance tends to cause a preferential deposition of consumed energy as fat. Hyperinsulinemia has a similar effect on energy storage in fat. It also suppresses lipolysis and thereby contributes to the persistent accumulation of fat. Reductions in hyperinsulinemia result directly from the effect of activation of the K~ATP~ channel in the pancreatic β-cell, and indirectly from activating the channel in the DMV. Insulin resistance can be reduced via reductions in hyperinsulinemia and by direct effects resulting from activating the channel in the DMV. The net effect of these responses to K~ATP~ channel activation should be reduced fat mass and reduced accumulation of fat.

Beyond the effect of K~ATP~ channel activation-mediated improvements in insulin resistance on adipocytes, more generally, these improvements in insulin resistance should result in improved glycemic control.

Dyslipidemia is frequently observed in hyperphagic obesity, particularly when the individual is insulin resistant. Activating the K~ATP~ channel in the DMV has the potential to reduce hepatic synthesis and secretion of triglyceride-rich lipoprotein particles by the liver, correcting or improving dyslipidemia. Given that there is reduced triglyceride synthesis by the liver, there should, as a consequence, be reduced hepatic lipid content.

Treatment with K~ATP~ channel activators in nine animal models of hyperphagic obesity resulted in a range of therapeutic responses that are completely consistent with the predicted ressponses that follow from activating the channel in NAG neurons, the DMV, adipocytes and the pancreatic β-cell. These included reductions in hyperphagia, weight loss and body fat loss in mature animals, reductions in the rate of weight gain and body fat accumulation in growing animals, improved circulating and hepatic lipids, and improved glycemic control. These nine animal models included both genetic and induced models of hyperphagic obesity. The underlying basis for hyperphagia and excess weight gain in these models included disrupted leptin responsiveness, hyperinsulinemia, insulin resistance, and reduced satiety resulting in increased meal size.

The extant experience with DCCR in a small pilot study of patients with PWS was consistent with the animal model results, increasing the likelihood of effective translation of animal model results to clinical efficacy. In the published study, treated PWS subjects showed reductions in hyperphagia, loss of body fat, reductions in circulating lipids and improvements in insulin resistance, each anticipated from the activation of the K~ATP~ channel and consistent with the results observed in animal models of hyperphagic obesity. These results provide motivation to the more extensive evaluation of the efficacy of K~ATP~ channel activators in PWS.

Based on the animal model results, treatment of subjects who are genetically predisposed to hyperphagic obesity, but do not yet present with either hyperphagia or marked obesity, could result in preventing or delaying the transition to hyperphagia, to limiting the accumulation of excess body fat and to delaying or preventing glycemic dysregulation, which consistently follows obesity. Similarly, treatment of subjects who are obese and hyperphagic could result in the reduction of elimination of hyperphagia, reduction in body fat, improved lipid profiles and, potentially, improvements in glycemic control.

5. Conclusions {#sec5-genes-11-00450}
==============

Given this range of relevant therapeutic responses that follow from activating the K~ATP~ channel, pharmacological activators of the channel could be a useful treatment option in syndromic hyperphagic obesity and may have utility in delaying the progression of these conditions, where obesity and hyperphagia are not evident from birth.
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Tabular summary of responses to K~ATP~ channel activator treatment in nine animal models of hyperphagic obesity.

  Model                         Energy Intake   Weight                                Body Fat           Glycemic Control   Circulating Lipids   Hepatic Lipids
  ----------------------------- --------------- ------------------------------------- ------------------ ------------------ -------------------- ----------------
  Magel2 mouse                  NM              Weight loss                           Loss of body fat   Improved           NM                   NM
  ZF rat                        Reduced         Reduced rate of gain                  NM                 Improved           Improved             NM
  ZDF rat                       Reduced         Reduced rate of gain                  NM                 Improved           Improved             Improved
  db/db mouse                   Reduced         NM                                    NM                 NM                 NM                   NM
  OTLEF rat                     Reduced         Reduced rate of gain                  NM                 Improved           Improved             Improved
  Hypothalamic injury rat       Reduced         NM                                    NM                 NM                 NM                   NM
  Hypothalamic injury chicken   Reduced         NM                                    NM                 NM                 NM                   NM
  Streptozotocin diabetic rat   NM              Reduced rate of gain                  NM                 NM                 NM                   NM
  HFD obese mouse               Reduced         Weight loss or reduced rate of gain   Loss of body fat   Improved           Improved             NM

NM---parameter was not measured.
